[1] The Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) satellite spectrometer provides detailed information on the nitrogen dioxide (NO 2 ) content in the planetary boundary layer. NO 2 tropospheric column retrievals of SCIAMACHY and its predecessor Global Ozone Monitoring Experiment are characterized by errors of the order of 40%. We present here a new SCIAMACHY tropospheric retrieval data set for the year 2003. The cloud free satellite observations are compared to surface measurements and simulations over western Europe performed with the regional air-quality model CHIMERE. The model has a resolution of 50 km similar to the satellite observations. For these comparisons, averaging kernels are applied to the collocated model profiles to remove the dependency of the comparison on a priori NO 2 profile information used in the retrieval. The consistency of both SCIAMACHY and CHIMERE outputs over sites where surface measurements are available allows us to be confident in evaluation of the model over large areas not covered by surface observations. CHIMERE underestimates surface NO 2 concentrations for urban and suburban stations which we mainly attribute to the low representativeness of point observations. No such bias is found for rural locations. The yearly average SCIAMACHY and CHIMERE spatial NO 2 distributions show a high degree of quantitative agreement over rural and urban sites: a bias of 5% (relative to the retrievals) and a correlation coefficient of 0.87 (n = 2003). On a seasonal basis, biases are smaller than 20% and correlation coefficients are larger than 0.75. Spatial correlations between both the model and satellite columns and the European Monitoring and Evaluation Program (EMEP) emission inventory are high in summer (r = 0.74, n = 1779) and low in winter (r = 0.48, n = 1078), related to seasonal changes in lifetime and transport. On the other hand, CHIMERE and SCIAMACHY columns are mutually consistent in summer (r = 0.82) and in winter (r = 0.79). This shows that CHIMERE simulates the transport and chemical processes with a reasonable accuracy. The NO 2 columns show a high daily variability. The daily NO 2 pollution plumes observed by SCIAMACHY are often well described by CHIMERE both in extent and in location. This result demonstrates the capabilities of a satellite instrument such as SCIAMACHY to monitor the NO 2 concentrations over large areas on a daily basis. It provides evidence that present and future satellite missions, in combination with CTM and surface data, will contribute to improve quantitative air quality analyses at a continental scale. 
Introduction
[2] Satellite observations of the tropospheric composition have recently become available. The Global Ozone Monitoring Experiment (GOME) spectrometer on European Space Agency (ESA) ERS-2 has demonstrated its ability to observe columns of trace gases in the troposphere, including the contribution from the boundary layer. Measurements of tropospheric columns of NO 2 , formaldehyde (HCHO) [e.g., Chance et al., 2000] , sulfur dioxide (SO 2 ) [e.g., Eisinger and Burrows, 1998 ], and ozone (O 3 ) [e.g., Valks et al., 2003] have been described in recent articles. NO 2 measurements have received considerable attention. Several groups have developed retrieval approaches to derive tropospheric NO 2 columns from GOME [e.g., Leue et al., 2001; Richter and Burrows, 2002; Martin et al., 2002; Boersma et al., 2004] . Eight years of NO 2 measurements are now available based on GOME, and this record is extending with Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) aboard ENVISAT [e.g., Bovensmann et al., 1999; van der A et al., 2006] , SCIAMACHY reaches the scale of NO 2 urban plumes for major cities. Such satellite observations, together with infrared satellite observations of tropospheric carbon monoxide [Emmons et al., 2004] , ozone, other gaseous species, and measurements of aerosols by dedicated instruments [Chu et al., 2003; Wang and Christopher, 2003] , offer new perspectives to study air pollution.
[3] In parallel with the development of remote-sensed global observation of tropospheric content, various chemistry transport models (CTMs) have been developed over the last 20 years in order to understand and forecast air pollution. These CTMs cover different spatial scales ranging from continental (for example, for Europe [Zlateve et al., 1992; Builtjes, 1992; Hass et al., 1997; Schmidt et al., 2001; Simpson et al., 2003] ) to urban (for example, for Los Angeles [Lu et al., 1997a [Lu et al., , 1997b ; for Milan [Silibello et al., 1998 ]; for Atlanta [Cardelino et al., 2001] ; for Paris ). These models require accurate input data, but most of these (emissions, initial and boundary conditions, meteorology) remain uncertain (several references about uncertainties may be found in the work of Beekmann and Derognat [2003] ). The model evaluation has always been based on comparison with surface and airborne observations which have limited spatial extent or representativeness, for example, for ozone [Elbern and Schmidt, 2001; Tilmes et al., 2002; Blond and Vautard, 2004] and for other species including NO 2 and aerosols Hodzic et al., 2005] . Model performance evaluation in the free troposphere is hampered by the lack of routine data above the surface. Because long-range transport of pollutants is linked to vertical exchange between the boundary layer and the free troposphere, testing the capability of the models to simulate vertical distribution of pollutants is a key issue to evaluate their performance. In this way, satellite observations offer new opportunities to model evaluation and to improve the capabilities of these models.
[4] However, space-borne tropospheric trace gas retrievals, and NO 2 tropospheric column retrievals in particular, are subject to several sources of uncertainty because of the presence of clouds, the accuracy of albedo maps, the dependence on the a priori assumed NO 2 profile, and the presence of aerosols [Boersma et al., 2004] . The retrieval of tropospheric NO 2 columns from GOME and SCIAMACHY satellite measurements remains largely invalidated because of limited availability of independent measurements. For the GOME tropospheric NO 2 columns, only a few intercomparisons with aircraft and in situ measurements have been reported [e.g., Heland et al., 2002; Petritoli et al., 2004; Martin et al., 2004; Schaub et al., 2006] . Unfortunately only a limited number of measured profiles are available for such intercomparisons, and the representativeness of the results is thus a complicating issue, given the large variability of nitrogen oxides (NO x = NO + NO 2 ) in industrialized regions and the large footprint of the satellite measurements.
[5] The GOME-derived tropospheric NO 2 columns have been compared to several global-scale atmospheric models [e.g., Velders et al., 2001; Lauer et al., 2002; Savage et al., 2004] . Recently, monthly means of GOME-derived tropospheric NO 2 columns have been compared to the outputs of the high-resolution regional-scale CTM model CHIMERE during one summer season [Konovalov et al., 2004] . These comparisons have clearly demonstrated the potential of satellite NO 2 data sets for model validation. However, the monthly mean comparisons do not allow to examine the large day-to-day variability due to meteorological conditions. A collocation in both space and time (as opposed to a comparison of monthly mean values) is essential to obtain quantitative results.
[6] The validation of early SCIAMACHY NO 2 products is described by Lambert et al. [2004] . This validation is based on a large number of stations mainly located at remote sites where tropospheric NO 2 concentrations are low and where the column measurement is dominated by the stratospheric background of NO 2 . These surface measurements and retrievals are performed for very low sun conditions and are especially sensitive to the stratosphere. The intercomparison results showed that the SCIAMACHY instrument performance is comparable to GOME. However, because these observations are stratosphere-dominated, and because of the additional retrieval complexities in the troposphere (related to the presence of clouds and aerosols, profile shape assumptions, and inaccuracies of the surface albedo map), these results provide only limited credibility to tropospheric column estimates.
[7] In this paper, we report a new tropospheric retrieval data set for 2003, based on the SCIAMACHY nadir measurements and a retrieval scheme. The SCIAMACHY NO 2 retrievals are used to evaluate the NO 2 fields produced by a new version of the high-resolution regional-scale CHIMERE CTM over western Europe. Since all data have uncertainties, the data are also compared to NO 2 surface observations. The mutual consistency of both SCIAMACHY and CHIMERE outputs over sites where surface measurements are available gives us confidence in both the model and SCIAMACHY over large areas not covered by surface observations. We present comparisons at different timescales (a year, a month, a season, and a day) and on different locations (rural areas, urban areas, and seas).
[8] CHIMERE has a resolution of 50 Â 50 km 2 , comparable to the SCIAMACHY footprint size of 30 Â 60 km 2 . In this way, comparisons can be made without first degrading the resolution of the satellite observations, as was done in previous studies. The comparison between SCIAMACHY and CHIMERE is performed by collocating the CTM simulations both in space and time to each of the measurement locations of SCIAMACHY, and subsequently applying the averaging kernel [Eskes and Boersma, 2003] . Errors related to differences in sampling and a priori profile shape assumptions are therefore minimized as described in the work of Boersma et al. [2004] .
[9] In section 2, we present the new version of CHIMERE CTM, the surface NO 2 observations, the SCIAMACHY measurements, and the approach used to compare SCIAMACHY and CHIMERE outputs using the kernels. In section 3, we compare annual means of surface observations, SCIAMACHY NO 2 columns, and CHIMERE surface and column simulations. In section 4, the consistency between the temporal variation of the surface measurements and CHIMERE is evaluated. In section 5, the daily and seasonal variabilities of NO 2 as observed by SCIAMACHY and simulated by CHIMERE are discussed. Section 6 presents the summary and conclusions.
Data and Methods

The CHIMERE Model
[10] CHIMERE is a three-dimensional Eulerian chemistrytransport model. It has been applied over different domains, from the urban scale [e.g., Vautard et al., 2001 Vautard et al., , 2003a Vautard et al., , 2003b Menut, 2003; Beekmann and Derognat, 2003; Blond et al., 2003 ] to the continental scale [e.g., Blond and Vautard, 2004; Bessagnet et al., 2004] . These studies evaluate the performance of the model for various species using surface and airborne measurements. At continental scale, the root mean square error (RMSE) of simulated daily maximum ozone mixing ratio, for 115 European surface sites during period for May to September 1998, is reported to be about 10 ppb (for a mean observed mixing ratio of about 50 ppb) . Blond and Vautard [2004] found similar values for RMSE of simulated daily ozone mixing ratio for 15h00 UTC during four consecutive summers (May-September 1999 . Schmidt et al. [2001] evaluated the daily mean NO 2 mixing ratio. The mean bias for 28 monitoring stations was À0.98 ppb for a mean observed mixing ratio of 3.85 ppb. For a large number of sites, the correlation coefficient was between 0.50 and 0.78. The nested simulation for the Paris area agreed well with observations during summer 1999: In the urban area, simulated and observed ozone maxima show RMSE in the range of 6 -10 ppb and correlation coefficients between 0.7 and 0.8 . For the intensive observing period of the ESQUIF campaign [Menut et al., 2000] which has been performed in Paris area during summer 1999, satisfactory model agreement with total nonmethane hydrocarbon (NMHC; average error was lower than 10%) and NO y (average error was lower than 5%) was noted [Vautard et al., 2003a] . The CHIMERE model is now part of the national air pollution forecasting system in France (Prev'Air). It has also been intercompared to other CTMs over several European cities [Cuvelier et al., 2007] .
[11] For this study, we use a continental configuration over western Europe with a horizontal resolution of 0.5°Â 0.5°. Domain and grid are shown in Figure 1 .
[12] The model formulation is based on the mass continuity equation for several chemical species in every grid cell. The time numerical solver is the TWOSTEP method [Verwer, 1994] which is applied to integrate all processes including transport, chemistry, emission, and diffusion as proposed by Schmidt et al. [2001] . The time step is 10 min. In this work, we use a vertically extended version of CHIMERE allowing to account for the whole troposphere over western Europe. The new vertical discretization consists of 15 layers from the surface up to 200 hPa with the first layer having a top at 50 m.
[13] The chemical mechanism is the complete MELCHIOR mechanism [Lattuati, 1997] which includes 82 gaseous species compounds and 333 reactions. This chemical mechanism has been elaborated for use in photo-oxidant modeling both under polluted and clean air conditions. It is based on the European Monitoring and Evaluation Program (EMEP) mechanism [Simpson, 1992] with substantial extensions concerning the NO 3 and organic nitrate chemistry, the degradation of aromatic and biogenic hydrocarbons, and the recombination of organic peroxy radicals. The photolysis rates were computed using the troposphere ultraviolet and visible model (TUV [Madronich and Flocke, 1998] ), modulated by cloudiness [ESQUIF, 2001] .
[14] The CTM is driven by the European Center for Medium-Range Weather Forecasts (ECMWF) meteorological short-range forecasts. These data are calculated by a model with a spectral resolution of TL511 and available with a horizontal resolution of about 0.5°Â 0.5°. The meteorological fields are provided with a time resolution of 3 hours and are linearly interpolated to 1-hour intervals, including temperature, pressure, wind, humidity, and cloudiness fields. Vertically, the meteorological data given for 18 ECMWF levels are interpolated to CHIMERE levels. The land-use data are derived from the Rijksinstituut voor Volksgezondheid en Milieu (RIVM) database [van de Velde et al., 1994] . The convective fluxes are rediagnosed as in the work of Olivié et al. [2004] using the scheme of Tiedtke [1989] .
[15] Boundary concentrations for the continental setup are fixed for eight species (O 3 , NO x , CO, PAN, CH 4 , C 2 H 6 , HCHO, and HNO 3 ) using the climatological monthly mean data produced by the global MOZART CTM version 2 [Horowitz et al., 2003] .
[16] The anthropogenic emissions are derived from the EMEP annual totals for 2001 [Vestreng et al., 2004] for NO x , SO 2 , CO, and nonmethane volatile organic compounds. They have a horizontal resolution of about 0.5°Â 0.5°and are spatially interpolated from the EMEP grid onto the CHIMERE grid. According to Suutari et al. [2001] , the uncertainties of NO x annual total emissions range from ±10% to ±30% depending on the European country. Monthly, daily, and hourly emissions are computed by imposing the typical time variations taken from the Generation of European Emission Data for Episodes (GENEMIS) [1994] database. Therefore a weekend reduction of emissions is considered. For aircraft, only the emissions at the surface where their contribution is the most important [e.g., Colvile et al., 2001; Moussiopoulos et al., 1997; Perl et al., 1997] are accounted for. The database used for the biogenic volatile organic compounds emissions is described by Derognat et al. [2003] .
[17] In rural areas, NO emissions from microbial processes may be an important source. Since these emissions strongly depend on temperature, they are processed in the model as biogenic emissions. In soils, NO is produced in a reaction chain of oxidation and reduction from ammonium which is used in fertilizers. CHIMERE uses a European inventory of NO emissions from soil [Stohl et al., 1996] . This inventory estimates that the soil emissions occur during the summer months. In the model, these NO emissions are thus only considered during the period from May to August.
[18] NO x emissions from lightning are not included in CHIMERE. However, their contribution to the NO 2 tropo-spheric column is small and the comparisons described in this paper focus on cloud-free areas. Using GOME, Boersma et al. [2005] found this contribution to be smaller than 0.5 Â 10 15 molecules/cm 2 in the tropics (observations over large thunderstorms may show enhancements of more than 1e15 molecules/cm 2 ; however, such events are quite rare over Europe). It is likely smaller over Europe, where lightning is appreciable during summer only. The contribution of lightning to NO x concentrations is thus only taken into account via the MOZART boundary conditions.
[19] More details about the CTM can be found on the Web site http://euler.lmd.polytechnique.fr/chimere. For the purpose of this study, the model is used to simulate the whole year of 2003.
NO 2 Surface Measurements
[20] Two main problems encountered when trying to evaluate a continental-scale model with surface observations are (1) the presence of large-extent areas of water without any observations and (2) questionable representativeness of the available observations [Tilmes and Zimmermann, 1998 ] since most of them are located in the vicinity of cities where local sources may have a transient influence which cannot be assessed accurately by a model having a horizontal resolution of 50 Â 50 km [e.g., McNair et al., 1996] .
[21] Surface measurements of NO 2 used in the present study have been collected from several European air quality monitoring organizations. Observations provided from 439 monitoring stations were available for the analysis. The distribution of monitoring sites is shown in Figure 1 . Among these measurements, three different types of monitoring sites can be distinguished corresponding to urban, suburban, and rural stations. The stations of a rural characteristic are assumed to be more representative for a coarsegrid model than the other stations influenced by nearby traffic. Despite their low representativeness, we use suburban and urban stations to evaluate the space-based data over urbanized locations. Observations from these stations are often influenced by local point sources, difficult to simulate in a 50 Â 50 km resolution model.
[22] The observations of NO 2 used are issued from a measurement technique that is based first on the conversion of NO 2 to NO, and then subsequent detection of NO using the chemiluminescence method [e.g., Winer et al., 1974] . This method is widely used for continuous monitoring of concentrations in Europe and throughout the world. It has been designed as a reference method by the EU First Air Quality Daughter Directive and the US Environmental Protection Agency. A typical specification is detection limit lower than 1 ppb, precision better than 1%. More information about calibration of the analyzers may be found in the European norm prEN 14211 which is applied by all of the European air quality networks.
[23] However, it is well known that the chemiluminescence method is subject to interferences [e.g., Winer et al., 1974; Matthews et al., 1977; Rickman and Wright, 1986] . Two forms of interference may occur in the chemiluminescent sampler: a reduction in the chemiluminescence inten- sity by quenching in the reaction chamber and bias due to conversion of various N-species to NO taking place in the NO 2 -to-NO converter. An assessment of overall uncertainty budgets, including interferences, has been reported by Gerboles et al. [2003] .
[24] Because of these interferences, the accuracy of NO 2 observations is difficult to estimate. Accuracy is time and location dependent. Aas et al. [2000] used different measurement methods to estimate the NO 2 measurement at some selected EMEP sites. The uncertainty has been found to be sometimes larger than 30% (actually for less than 25% of the sites). They also found errors to be less than 10% for some monitoring stations (30% of the EMEP sites). Ordóèez et al. [2006] found that a molybdenum converter leads to an overestimation of 20% on measurements of NO 2 in winter compared to measurements performed with a photolytic converter (highly specific technique for NO 2 ). In summer, they found an overestimation of nearly 50%. On the other hand, RIVM (Dutch air quality agency) observed that most of the other nitrogen components able to interfere with NO 2 measurement have very small concentration levels in Netherlands and will only have a small influence except for ammonia. Because NH 3 concentrations can be substantial, the influence on the measurements could be a few percent. The accuracy for other sites is unknown.
[25] Despite these limitations, NO 2 measurements performed by air quality networks remain the most relevant information to assess NO 2 concentrations in the European boundary layer over large regions. Thus these data will be used in the following sections to characterize the spatial and temporal variability of NO 2 surface concentrations over Europe.
SCIAMACHY NO 2 Tropospheric Columns
[26] SCIAMACHY is a spectrometer on board ENVISAT ESA satellite that was launched in March 2002. SCIA-MACHY measures in the ultraviolet, visible, and nearinfrared wavelength ranges. The sensor alternatively scans in the nadir and limb viewing directions and has a local overpass time of approximately 10h00 UTC in western Europe. Individual nadir pixels cover a surface area of 30 Â 60 km 2 , and SCIAMACHY achieves global coverage every 6 days.
[27] The SCIAMACHY NO 2 tropospheric column data set presented in this paper is the result of a collaboration between the Belgian Institute for Space Aeronomy (BIRA-IASB) and the Royal Netherlands Meteorological Institute (KNMI), in the framework of the ESA Data User Program Tropospheric Emission Monitoring Internet Service (TEMIS) project. Data sets are available on the TEMIS project web site (http://www.temis.nl).
[28] The first step in retrieving tropospheric NO 2 is performed by BIRA-IASB and covers the spectral fitting of SCIAMACHY Level 1 data to generate so-called slant column densities. The spectral fitting technique used to retrieve total NO 2 slant columns from SCIAMACHY measurements is differential optical absorption spectroscopy (DOAS) [Platt, 1994] . A nonlinear least squares inversion based on the Marquardt-Levenberg method is used to minimize residuals between observed and calculated spectra over the wavelength region from 426.3 to 451.3 nm. The measurements are decomposed in a solar irradiance spectrum, measured reference spectrum for NO 2 at 243 K [Bogumil et al., 1999] , O 3 at 223 K [Bogumil et al., 1999] , O 2 -O 2 [Greenblatt et al., 1990] , H 2 O [Rothman, 1992] , and a polynomial of the second order. An undersampling cross section and Ring effect cross section [Chance, 1998; Vountas et al., 1998 ] are included as additional pseudo-absorbers.
[29] The second step in retrieving tropospheric NO 2 is performed by KNMI and involves the correction for stratospheric NO 2 and the air mass factor correction [Martin et al., 2002; Boersma et al., 2004] . To account for the temperature dependence of the NO 2 absorption cross sections, a temperature correction is calculated using ECMWF temperature analyses and Tracer Model version 3 (TM3, [Dentener et al., 2002] ) modeling results of the NO 2 vertical distribution. Height-dependent air mass factor lookup tables are based on calculations with the Doubling-Adding KNMI (DAK) radiative transfer model [de Haan et al., 1987; Stammes et al., 1989; Stammes, 2001 ] that includes a sphericity correction. The NO 2 stratospheric column is deduced from a TM3 assimilation run of the SCIAMACHY NO 2 slant column data. The assimilated-analyzed stratospheric slant column is then subtracted from the retrieved DOAS total slant column provided by BIRA-IASB, resulting in a tropospheric slant column. Then the tropospheric vertical column is retrieved using TM3 tropospheric model profiles (colocated for each SCIAMACHY pixel individually) and combined with cloud information. The latter consists of cloud fraction and cloud top height derived by the Fresco algorithm [Koelemeijer et al., 2001] . The retrieval includes surface albedo values constructed by using a combination (on a monthly basis) of seasonal minimum reflectivity values derived from 14 years of TOMS reflectivity data [Herman and Celarier, 1997] and a database of spectral surface reflectivity derived from 5.5 years of GOME observations . No aerosol correction is applied: This choice is based on the recognition that the cloud retrieval will be influenced by aerosol as well and is further motivated by the error analysis presented in the work of Boersma et al. [2004] . The NO 2 column data products are provided on the TEMIS web site with detailed error estimates and kernel information [Eskes and Boersma, 2003] .
[30] In this study, we use only observations where the radiance of the cloud-covered part of the SCIAMACHY footprint contributes less than 50% to the total radiance, which roughly corresponds to cloud fractions below 10-15%. Snow-covered scenes are also excluded from the analysis. The observations are available at about 10h00 UTC. The individual retrievals have a typical precision of 35-60% over Europe. This uncertainty is dominated by the uncertainty in the estimate of the tropospheric air mass factor. The most important uncertainties associated with the computation of the tropospheric air mass factor are cloud fraction, aerosol characterization, surface albedo, and profile shape. More information about the retrieval method and the estimate of the uncertainties can be found in the work of Boersma et al. [2004] .
SCIAMACHY and CHIMERE Intercomparison Approach
[31] The comparison between SCIAMACHY NO 2 column observations and the NO 2 simulated fields consists of a model-to-observation approach of three steps. In step 1, CHIMERE simulations are interpolated in time and space to produce vertical NO 2 profiles x c (k, t) at each of the SCIAMACHY measurement locations k (centers of the SCIAMACHY pixels) and times t. In step 2, the averaging kernel vector A of the retrieval is applied to the model profile to produce a model prediction of the retrieved column z c (k, t), to be compared with the SCIAMACHY retrieved total NO 2 column, y c (k, t),
In step 3, we compute the error statistics. For individual days, comparisons are done at the SCIAMACHY measurement locations. For seasonal and annual mean comparisons, we regrid both the CHIMERE and SCIAMACHY columns to a common 0.5°Â 0.5°grid, where the averaging is based on weighted according to the spatial fraction of the SCIAMACHY pixel size within a grid cell.
[32] This model-to-observation approach makes the comparison independent of profile shape assumptions needed in the retrieval (as discussed extensively in the work of Eskes and Boersma [2003] and Boersma et al. [2004] ). Indeed, the retrieval of tropospheric NO 2 depends on a priori assumptions on the vertical profile of NO 2 in the troposphere. In our retrievals, these profiles are taken from simulations with the global TM3 CTM (as described in section 2.3). Systematic errors in these modeled profile shapes will result in errors in the retrieved column estimated to be of the order of 5 -15% [Boersma et al., 2004] . Applying the SCIAMACHY averaging kernel to the CHIMERE profile consists of retracing the retrieval steps. The comparison between the resulting model prediction of the retrieved column and the SCIAMACHY retrieved column itself is then no longer influenced by possible errors in the TM3 a priori profile shapes (more details can be found in the work of Eskes and Boersma and Boersma et al.) .
[33] In Figure 2 , we show four typical NO 2 profiles simulated by CHIMERE and the corresponding four averaging kernels. These profiles were selected over a polluted area (over Paris, Figure 2a ), over three nonpolluted areas (over the northeast of France, Figure 2b ; over the Mediterranean Sea, Figure 2c ; over the North Sea, Figure 2d ; see locations in Figure 1 ). At 10h00 UTC, the boundary layer is quite well mixed, but significant gradients remain between the surface and the top of the boundary layer. In certain cases, there is a substantial NO x contribution above the boundary layer. The kernels show that the satellite has a lower sensitivity at the surface due to the partial cloud coverage and to the generally low albedo of the surface [Eskes and Boersma, 2003] .
Spatial Comparison of Surface Measurements, SCIAMACHY, and CHIMERE NO 2
[34] Annual means of surface NO 2 observations, surface NO 2 simulations, model NO 2 tropospheric columns, and SCIAMACHY NO 2 tropospheric columns are compared in Figure 3 . The aim of this comparison is to investigate how the modeled spatial NO 2 distribution matches the observations. The averages are computed over the whole year 2003 but have been restricted to days when surface observations and SCIAMACHY data were simultaneously available in a model grid box. In these cases, we compute the grid box mean of the surface observations, the SCIAMACHY data, and the CHIMERE simulations. We obtain a total of 176 grid boxes. Given the daily SCIAMACHY coverage and the given cloudiness criterion, not all possible days have valid data. The number of days included in the averages varies between 1 and 20.
[35] Figure 3a compares surface NO 2 observations with surface NO 2 simulations (i.e., the simulated concentrations for the first layer of the model). The correlation coefficient for the complete set of stations is low (0.55, n = 176). The subset of sites along the 1:1 line mostly denotes rural and suburban sites. The large subset of sites where the model simulations range from 1 to 3 ppb while, at the same time, the observations range from 8 to 17 ppb mostly corresponds to urban sites where the model often underestimates the surface NO 2 (slope is 0.38). When restricted to rural sites (Figure 3e ), the correlation coefficient between surface measurements and simulated concentrations is significantly improved, 0.83 (n = 29), and the slope is closer to 1 (0.68).
[36] A large part of the bias noted on urban sites may be attributed to the low horizontal resolution of the model. Indeed, surface NO 2 gradients are very large inside and in the vicinity of cities, and local measurements are difficult to link to the concentrations simulated over a model grid mesh as large as 50 Â 50 km 2 . Similar simulations have been performed over the Alsace region (northeast of France on the border France-Germany) with a regional version of the CHIMERE model using a higher horizontal resolution (3 Â 3 km 2 ). Only the horizontal resolution of the emissions (3 Â 3 km 2 ) has been increased. The meteorological data have been interpolated. These new simulations show that the model underestimations noted on NO 2 concentrations are largely reduced. These reductions reach 5% on rural sites, 16% on suburban sites, and 80% on urban sites. In Figure  3b , the observed surface NO 2 concentrations are plotted against the SCIAMACHY tropospheric columns. The correlation coefficient is again low (0.43, n = 176). As for CHIMERE, the resolution of SCIAMACHY (30 Â 60 km 2 ) does not match with local measurements performed in areas where strong spatial gradients of NO 2 exist. When the comparison is limited to rural sites (Figure 3f ), the correlation coefficient is again much larger (0.90, n = 29).
[37] These results show that NO 2 surface measurements performed in urban areas cannot be used for the validation of the SCIAMACHY NO 2 tropospheric columns or for that of a regional-scale CTM with a relatively low spatial resolution. They also show that for rural areas, there is a direct relationship between the measured NO 2 surface concentrations and both (boundary layer integrated) SCIAMACHY total columns and CHIMERE NO 2 simulated concentrations.
[38] Figure 3c compares NO 2 model and SCIAMACHY annual mean tropospheric columns. The correlation coefficient is high (0.88) showing that the mean spatial distribution of the NO 2 model and SCIAMACHY tropospheric columns are quite consistent. It should be noted that the NO 2 tropospheric columns are in good agreement both in rural and urban areas. However, the model tends to underestimate the highest SCIAMACHY values, which results in a regression slope of 0.71. We note that the largest differences between observed and simulated columns often correspond to averages computed for samples of less than 5 collocated measurements showing that it is more difficult to simulate individual NO 2 values than mean values. When we do not consider these cases, slope and correlation are closer to 1 (0.76 and 0.92, respectively).
[39] In Figure 3d , surface NO 2 simulations are plotted against SCIAMACHY NO 2 tropospheric columns. The correlation coefficient is again high (0.85, n = 176) suggesting that, on a yearly basis, the spatial distribution of observed tropospheric column of NO 2 is very representative of the distribution observed in the surface concentrations, and that lower correlations obtained with surface in situ observations are due to urban small-scale variability.
Temporal Comparison of Surface-Level NO 2
[40] In this section, we present the results of the comparison between time series of daily NO 2 surface observations and simulated NO 2 surface concentrations collected for 10h00 UTC (the approximate measurement time of SCIAMACHY) over the whole year 2003. Table 1 lists the simulation-minusobservation error statistics averaged for station categories (urban, suburban, rural) for French, Dutch, and British monitoring stations.
[41] Systematic biases vary from À10.2 to +3.3 ppb on average, showing the general CTM tendency to underestimate NO 2 surface measurements in the urban and suburban areas and slightly to overestimate these measurements in the rural areas. The CTM underestimations in urban and suburban areas are likely related to the low horizontal resolution of the model as explained in section 3. In general, NO 2 gradients are smoothed: lowest mixing ratios are slightly overestimated and the highest are largely underestimated. This is why the regression slope is lower than 1 (between 0.25 and 0.70) and the RMSE is quite high compared to the mean values (50-100%). For rural stations, the CTM overestimates the NO 2 measurements of less than 7% over Netherlands and the Greater Paris Region. These overestimations reach 49% over the United Kingdom where most of rural stations are located in altitude. For French rural stations, the CTM slightly underestimates the NO 2 measurements. Since these measurements are known to overestimate the true NO 2 concentrations (20% in average, see section 2.2) in the rural areas, the underestimations are not a sign of model error but could be due to an observation bias. However, the overestimations are an indication that the CTM overestimates the true NO 2 concentrations. These overestimations are estimated to be less than 30% at the surface. In order to evaluate the seasonality of the bias, we computed the mean bias for springsummer and autumn-winter periods on rural and urban sites. On rural sites, this bias is of 6% for spring-summer and 21% for autumn-winter. Since during the warm season, the photochemistry leads to higher production of secondary pollutants than in autumn-winter and consequently to a more pronounced overestimation of the NO 2 surface concentrations by ground measurements, the NO 2 surface concentrations are clearly more overestimated by the CTM in autumn-winter than in springsummer. On urban sites, the mean bias is À43% for springsummer and À37% for autumn-winter. Taking into account the potential measurement errors, no conclusions may be given. . Circles denote means computed over more than 5 days.
[42] The mean correlation coefficients are around 0.6 (n ' 300) showing the general problem to simulate the temporal variability of NO 2 concentrations. Differences may be due to deficiencies in the model (the difficulty to simulate vertical NO 2 gradient during the rise of the boundary layer) or in model inputs (uncertainty on clouds and the NO x emissions [Hanna et al., 1998; Kuhlwein and Friedrich, 2000; Suutari et al., 2001; Beekmann and Derognat, 2003] ) but are also related to the limited accuracy and representativeness of surface measurements (for example, discussion in section 2.2). Higher correlations for Paris and Dutch rural stations are an indication of the role of representativeness. Indeed, these stations are located far away from local emission sources but are often influenced by large pollution plumes. Most of Dutch stations are in the south of Netherlands and are often influenced by the pollution episodes which frequently occur in the Ruhr and the Benelux (the means of the NO 2 surface observations and simulations at these stations are around 13 ppb; they are around 8 ppb for the rural French and British stations). Netherlands and Paris areas are also very flat, and the high scores may be also partly due to a reduction of orography-induced modeling errors.
[43] Figure 4 shows time series of daily 10h00 UTC NO 2 concentrations observed and simulated from 1 January to 31 December 2003 for a selection of monitoring sites. These monitoring stations have been selected because they are assumed to be representative of the model grid cell: one is in United Kingdom (London-Bexley, urban station), one is near Paris in France (Foret de Rambouillet, rural station), and the last three others are rural stations located in several regions of Netherlands. Zierikzee is located in the southwest of Netherlands, Vredepeel in the southeast, and Kollummerwaard, near the sea coast in the north of the country (cf. Figure 1) .
[44] The CTM represents most of the day-to-day variability of NO 2 over all of the observation stations (stations located in rural areas, in urban area, and near the sea). It captures most of the NO 2 peaks, but there are some underestimations. On 16 April, the underestimations reach 5 -10 ppb for three of the monitoring stations located in London, near Paris, and in Netherlands. These errors suggest that there is a problem on a large scale.
[45] The NO 2 south-north and west-east gradients frequently observed in Netherlands are also well captured by the CTM. The gradient of NO 2 concentration in the southnorth direction can be seen for instance for 27 February, 28 March, and 16 September. Observations given by monitoring stations, Zierikzee and Vredepeel, located in the south of Netherlands, are often correlated. However, during the beginning of June, the extension of the NO 2 plume centered the Ruhr, and the Benelux was small and only Zierikzee recorded high concentrations. The CTM well captures this west-east gradient but misses to simulate the highest peak occurred for 7 June on station Zierikzee. This peak is actually simulated by the CTM more to the north.
[46] Above all, these results show that the model is able to simulate the time variations of NO 2 in rural areas, far from sources (the correlation coefficients are larger than 0.70). They also show that the CTM probably tends to overestimate the true NO 2 concentrations at the surface in the rural locations.
Comparisons Between CHIMERE and SCIAMACHY NO 2 Tropospheric Columns
[47] In this section, we investigate the consistency of the spatial and temporal variabilities of NO 2 tropospheric columns measured by SCIAMACHYand simulated by CHIMERE. We show maps and error statistics computed for the whole year 2003, individual months, and days. The results presented are restricted to nearly cloud-free pixels. Snow-covered scenes are also excluded from the analysis.
Yearly Mean Comparison
[48] Figures 5a and 5b are maps of the annual means of the NO 2 tropospheric columns over Europe as observed by The bias is given in absolute value and in percent (relative to the mean observation). RMSE is the root mean square of the simulation-minus-observation residuals, also given in absolute value and in percent (relative to the mean observation). COR is the spatial and time correlation coefficient computed between observations and simulations. CORem is the spatial and time correlation coefficient computed between observations and emissions. SCIAMACHY and simulated by CHIMERE, respectively. There is a general good agreement between CHIMERE and SCIAMACHY both concerning the spatial distribution and the absolute values. Note that the NO 2 values span 2 orders of magnitude.
[49] Figure 5c illustrates the spatial distribution of the NO x annual anthropogenic emissions for 10h00 UTC over western Europe, as used in CHIMERE. The largest NO x emissions are especially located over the Benelux, the Ruhr area, England, and the Po Valley.
[50] When compared with Figure 5c , Figures 5a and 5b show that on an annual average, the NO 2 spatial distribution bears similarities with the NO x emission spatial distribution. The correlation coefficient between SCIAMACHY observations and the NO 2 emissions is 0.72 (n = 2003) for the whole year. The comparisons also show that the CTM tends to underestimate SCIAMACHY NO 2 values in areas with the largest anthropogenic NO x emissions, except in the Katowice area (the main emission area in Poland) and over the Etang de Berre (a large industrial area near Marseilles).
[51] In order to study the sensitivity to the retrieval averaging kernels, Figure 5d presents the annual mean of NO 2 CHIMERE tropospheric columns computed without using the averaging kernels. When compared with Figure  5b , Figure 5d shows that the yearly mean-kernel-multiplied and direct CHIMERE tropospheric NO 2 columns are quite similar. Boersma et al. [2004] estimated that differences in the amount of mixing in the boundary layer and profile variability can lead to changes in the retrieval of about 5 -15%. The differences observed between the yearly meankernel-multiplied and direct CHIMERE tropospheric NO 2 columns are smaller, demonstrating a consistency of the profile shapes between CHIMERE (0.5°Â 0.5°) and TM3 (2°Â 3°). Since CHIMERE has a much higher resolution than TM3, one expects larger differences between the simulated profile shapes for individual times and locations.
[52] Table 2 summarizes the quantitative results of the comparison. The correlation coefficient (0.87) is high for the whole year 2003. The bias is about 5% of the mean value of observed NO 2 columns. The RMSE reaches 45%. ), (b) NO 2 CHIMERE tropospheric columns obtained by using the averaging kernels, (c) emissions of nitrogen oxides (NO x ) over western Europe for 10h00 UTC for year 1998, and (d) NO 2 CHIMERE tropospheric columns computed without using the averaging kernels. The emissions are derived from data given by EMEP [Vestreng et al., 2004] , interpolated on the CHIMERE grid domain, unit 10 10 molecules cm À2 s
À1
.
The positive offset and the low slope (0.77) indicate that SCIAMACHY measurements have a larger range of values than the CHIMERE simulations. These statistic values are slightly different from the statistics obtained in section 3 because the comparison is here not only restricted to the surface observation locations but also concerns areas not covered by surface measurements.
Seasonal and Monthly Comparison
[53] Table 2 also gives error statistics for the four seasons and the individual months. The correlation coefficients always have high values ranging from 0.65 to 0.85 for all the months. The means of SCIAMACHY data and CHIMERE simulations agree within less than 23%. SCIAMACHY and simulated mean columns both show that NO 2 tropospheric values are higher during winter than summer. However, the CTM tends to overestimate SCIAMACHY data during autumn-winter (positive biases of 7-23%) and to underestimate them during spring-summer (negative biases of 17-19%). The RMSE values show that the differences between individual CTM outputs and SCIAMACHY observations are slightly larger in winter (about 60% of the mean SCIAMACHY columns) than in summer (50%).
[54] These results may be compared to other studies performed over Europe showing monthly comparisons between simulated and observed NO 2 tropospheric columns. Konovalov et al. [2004] found that CHIMERE (version with a model top at 500 hPa) underestimates GOME data during summers 1997 and 2001 with a negative biases of 23% and 33%, respectively. They explained these negative biases by the omission of the upper troposphere. Compared to Konovalov et al. [2004] , the negative biases are smaller in our study. This result suggests a positive impact of the extended version of CHIMERE with an upper level at 200 hPa. As discussed by Vautard et al. [2005] , a possible overestimation of the dry deposition during springsummer 2003 may be of relevance to explain the residual underestimations for this year. Indeed, spring and summer 2003 were characterized by an exceptionally high temperature and a precipitation deficit leading to an important decrease in dry deposition. The dependence of the dry deposition with water deficit is not taken into account in CHIMERE. This leads to a probable dry deposition overestimation. Lauer et al. [2002] found strong positive differences (165% in average) over Europe between the monthly means simulated by the general circulation model ECHAM4.L39(DLR)/ CHEM and issued from GOME. Savage et al. [2004] also found strong positive differences (90% in average) between the monthly means simulated global CTM TOMCAT and issued from GOME. In these last two studies, the potential source of errors in simulated and observed NO 2 tropospheric columns has been discussed in detail. Savage et al. [2004] concluded that the noted overestimations are probably due to weaknesses in their model treatment of vertical mixing and chemistry (limited NMHC chemistry and lack of the hydrolysis of N 2 O 5 on tropospheric aerosols). In order to explain the large overestimations, Lauer et al. [2002] also pointed out the lack in the CTM of the hydrolysis of N 2 O 5 on tropospheric aerosols. Dentener and Crutzen [1993] showed that this additional NO x sink reduces the NO x present in the boundary layer at middle latitude by up to 80% in winter and 20% in summer. CHIMERE only includes a N 2 O 5 loss with humidity (following the results of Mentel et al. [1996] ). Taking into account an additional NO x sink induced by the presence of aerosols may improve the comparisons. Differences between our results and the others may be also explained by the use of different emission databases, CTMs (global or regional), satellite data, and retrieval methods.
[55] Figure 6 shows a comparison of seasonal means (winter, spring, summer, and autumn) of both SCIAMACHY and CHIMERE NO 2 tropospheric columns. During winter 2003, only limited number of SCIAMACHY data were available, resulting in data gaps in Figure 6a .
[56] The NO 2 tropospheric columns from CHIMERE and SCIAMACHY exhibit similar spatial structure with similar areas associated to higher and lower NO 2 tropospheric columns. The seasonal pattern is consistent with higher contents of the NO 2 tropospheric columns in winter than in summer. However, the spatial variability of the NO 2 tropospheric columns is greater for SCIAMACHY than for CHIMERE, leading simultaneously to high correlation and The bias is given in absolute value and in percent (relative to the mean observation). RMSE is the root mean square of the simulation-minus-observation residuals, also given in absolute value and in percent (relative to the mean observation). COR is the correlation coefficient computed between time series of observations and simulations. OBS is the mean of the observed values, SIM that of the CHIMERE simulated values. Error statistics are averaged over station types (urban, suburban, and rural) . Concentrations are in ppb.
high RMSE (see Table 2 ). In the same way, a stronger seasonal variability is observed with SCIAMACHY over most of the highest NO x emissions areas (Ruhr and the Benelux, Po-Valley, England). Especially over these intense emission areas, CHIMERE tends to underestimate the NO 2 SCIAMACHY columns. Moreover, during winter and autumn, the CTM overestimates the lowest NO 2 SCIAMACHY columns, while during summer and spring, it underestimates them, especially over the marine areas. Note, however, that these very low values are near the SCIAMACHY detection limit.
[57] As shown by Figure 6 , the long-range transport of NO 2 is less efficient in summer than in winter as deposition and oxidation take place with increasing radiation. The SCIAMACHY NO 2 tropospheric columns correlate (see Table 2 ) better with emissions during summer (CORem = 0.74, 0.70 in August) than during winter (CORem = 0.48, 0.14 in December). Thus the high correlation coefficients obtained between SCIAMACHY and CHIMERE NO 2 tropospheric columns in winter (COR = 0.79) and in summer (COR = 0.82) suggest that on a seasonal basis, the spatial distribution of emissions and the horizontal transport of NO 2 are correctly represented by CHIMERE.
Daily Comparison
[58] Figure 7 shows an overview of the error statistics derived from the daily comparison of NO 2 tropospheric columns simulated by CHIMERE and those measured by SCIAMACHY.
[59] The mean correlation coefficient is 0.6. The lowest correlations often appear for cloudy days and days when NO 2 amounts are small. The mean spatial bias is small (À1%). Seventy-four percent of days show bias between ±40% relative to the daily mean of SCIAMACHY data. However, quite large biases appear for some individual days. Absolute bias values are between ±2.5 Â 10 15 molecules/cm 2 . The negative biases are found in spring and summer, while the positive biases are found in winter and autumn. The standard deviation (STD) is large with a mean value of 66.5% relative to the daily mean of SCIAMACHY data.
[60] Figures 8 and 9 show maps of NO 2 SCIAMACHY tropospheric columns and NO 2 CHIMERE tropospheric columns for eight selected days. Figure 10 presents the corresponding scatterplots. The days have been selected when (1) there are enough SCIAMACHY observations (more than 100 data), except for 27 February 2003 which presents an interesting case where the SCIAMACHY data detect a NO 2 plume above the North Sea; (2) the data show high NO 2 tropospheric columns above the sea and the ocean where there are less NO x emissions but more NO 2 issued from transport; (3) the data show typical situations with high NO 2 tropospheric column values above high NO x emission areas; (4) SCIAMACHY data cover Netherlands where there are representative surface NO 2 observations; (5) SCIAMACHY data and CHIMERE simulations are very consistent; and (6) SCIAMACHY data and CHIMERE simulations show large differences.
[61] We can notice the high spatial and day-to-day variability of tropospheric NO 2 . In general, the CTM agrees very well with SCIAMACHY data on the main spatial patterns of NO 2 which do not always correlate with NO x emissions patterns (for 64% of the days, correlation coefficients between SCIAMACHY data and the emissions data are lower than 0.6; cf. Figure 7 ). Large differences appear Figure 7 . Statistics derived from the daily comparison of NO 2 tropospheric columns simulated by CHIMERE and those measured by SCIAMACHY. Bias and STD are the bias and the standard deviation of the simulation-minus-observation residuals given in percentage relative to the daily mean of SCIAMACHY data, respectively. COR is the correlation coefficient computed between observations and simulations; CORem is the correlation coefficient computed between observations and emissions.
for the highest NO 2 tropospheric columns. High observed NO 2 columns are often underestimated by the CTM.
[62] On 27 February, CHIMERE and SCIAMACHY tropospheric columns agree with a south-north NO 2 gradient in Netherlands. The surface observations and simulations also show a gradient of NO 2 concentrations between the south (high values) and the north (low values) of Netherlands (see Figure 4 ), but this gradient is reversed compared to that of observed by SCIAMACHY. This suggests that the plume was transported at higher altitude. On this day, CHIMERE overestimates the surface NO 2 concentrations in the north and underestimates them in the south.
[63] On 16 April, CHIMERE is low compared to SCIAMACHY by more than 5 Â 10 15 molecules/cm 2 over a large part of the observed area. Such differences are also noted at the surface where the CTM underestimates the surface observations of about 5 -10 ppb on London, near Paris, and on Netherlands (cf. Section 4). These results suggest that for this day, there is a problem on a large scale; 16 April was characterized by sunny weather conditions. Since such underestimations are rare and concern both the surface and the columns, they cannot be only explained by errors in the emission database and the modeling parameterizations of the vertical mixing and deposition. However, the photochemistry may be disturbed by the presence of Saharan dust as observed by Moderate-Resolution Imaging Spectrometer (MODIS) [Remer et al., 2005] (see gallery on http:// rapidfire.sci.gsfc.nasa.gov) and simulated by Navy Aerosol Analysis and Prediction System (NAAPS) Global Aerosol Model (developed by Christensen [1997] ; see archive on http://www.nrlmry.navy.mil/). As shown by Martin et al. [2003] , photochemical effects of aerosols generally result in an increase of NO x because of an OH depletion. The complete analysis of this period will deserve a special paper.
Summary and Conclusions
[64] In this paper, we presented (1) a new SCIAMACHY tropospheric NO 2 data set for the year 2003, (2) a comparison between surface NO 2 measurements, NO 2 surface concentrations simulated using a state-of-the-art regional scale air quality model (CHIMERE) and SCIAMACHY NO 2 tropospheric columns, (3) a detailed comparison between this SCIAMACHY data set and NO 2 tropospheric columns simulated by the model. We performed a comparison of the cloud-free satellite observations with collocated model tropospheric columns through the averaging kernel profiles of the satellite retrieval. In this way, we removed the dependency of the comparison on a priori NO 2 profile information used in the retrieval.
[65] From the comparison with the surface sites, we conclude that the CHIMERE model is able to describe NO 2 surface concentrations at rural sites for which measurements are representative of large areas. In the same way, these surface measurements correlate well with the SCIAMACHY NO 2 tropospheric columns. On the contrary, NO 2 concentrations for urban and suburban stations are systematically underestimated by the CTM. This is mainly attributed to the low spatial representativeness of the NO 2 surface measurements in areas with strong gradients of concentrations. One of the conclusions is that the NO 2 surface measurements performed in urban areas cannot be used to validate CTMs or spatial sensors having resolution greater than some kilometers.
[66] Simulated yearly mean total NO 2 tropospheric columns compare very well with the corresponding SCIAMACHY measurements, both spatially and quantitatively (correlation coefficient of 0.87, bias of 5%, RMSE of 45%). Good agreements have been found both in rural and urban areas. The overall seasonality of NO 2 concentrations is similar in both the observations and the simulations, but the amplitude of the seasonal variation is somewhat smaller in SCIAMACHY data than in the model data. The CTM overestimates the SCIAMACHY NO 2 columns during autumn-winter (positive bias of 7 -23%) and underestimates them during spring-summer (negative bias of 17 -19%) . This is consistent with results obtained at the surface. The introduction of a new sink of NO x induced by the hydrolysis of N 2 O 5 on aerosols could reduce the model overestimations in autumn-winter. In order to understand springsummer underestimations, further investigations are needed. Indeed, spring and summer 2003 were characterized by exceptionally warm conditions and a likely overestimation of the dry deposition . We also show that the CTM tends to systematically underestimate NO 2 tropospheric columns over intense NO x emission areas, a fact that remains unexplained but could be due to underestimations in the emissions. Such emission underestimations could also contribute to explain the CTM underestimations of surface NO 2 measurements on urban sites. Correlations between NO 2 columns and NO x emissions are high in summer and low in winter related to seasonal changes in lifetime and transport. High correlation coefficients obtained between model and observed NO 2 tropospheric columns suggest that on a seasonal basis, the spatial distribution of the NO x emissions, the transport, and the chemistry of NO 2 are quite correctly represented in CHIMERE.
[67] A strong day-to-day variability has been observed in both the SCIAMACHY data and the CHIMERE NO 2 column distributions. The extent of the NO 2 plumes, their location, and the NO 2 tropospheric content are generally similar in observations and simulations, even far from NO x emission sources. This demonstrates that the model description of horizontal and vertical transport, as well as the lifetime of NO x , is realistic. It also demonstrates the ability of the satellite to measure a wide range of NO 2 values (spanning 2 orders of magnitude). However, for some days, we found biases between CHIMERE and SCIAMACHY NO 2 tropospheric columns of the order of 2.5 Â 10 15 molecules/cm 2 (positive in winter and negative in summer) and large standard deviations (STD ! 50%). For 16 April 2003, we especially noted strong CTM underestimations which could be explained by the presence of Saharan dust over Europe. Taking into account aerosols and their photochemical effect on NO 2 could improve the simulations. We also found that the differences in the NO 2 tropospheric contents do not always agree with differences noted at the surface suggesting that there are sometimes inconsistencies in the vertical distribution of pollutants in CHIMERE.
[68] The simulation-observation differences are due to a combination of model and observation errors. The model errors include errors in the transport, emissions (due to uncertainties in their intensity and their time variabilities), chemistry, boundary conditions, and errors related to the model resolution. The observation errors are due to errors in the cloud and aerosol characterization and surface albedo used for the retrievals. The simulation-observation differences will be investigated in more detail for specific periods in future studies in order to better identify the error sources. The use of more observations (vertical profiles of NO 2 and other satellite observations) will help. Nevertheless, our study suggests that especially the description of NO x emissions, the chemistry, and the deposition during warm episode deserve special attention. The impact of heterogeneous chemistry (impact of aerosols) will be especially quantified.
[69] To conclude, the fair degree of consistency found between the three independent data sets gives us confidence in both the air quality model results and the SCIAMACHY satellite retrievals. The combination of space and surface observations may impose very strong constraints on airquality models and could be used to test various model processes, including emission strengths and NO x lifetimes. In this way the satellite observations of SCIAMACHY and the Ozone Monitoring Instrument aboard EOS-AURA should provide a significant contribution to the assessment of air quality.
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